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New findings 24 
 25 
What is the central question of this study? 26 
That pulmonary V砦 O2 kinetics on transition to moderate exercise is invariant and exponential is 27 
consistent with a first-order reaction controlling V砦 O2. However, slowed V砦 O2 kinetics when 28 
initiating exercise from raised baseline intensities challenges this notion.  2λ 
 30 
What is the main finding and its importance? 31 
Here we demonstrate how a first-order system can respond with non-first-order response 32 
dynamics. Data suggest that progressive recruitment of muscle fibre populations having 33 
progressively lower mitochondrial density and slower microvascular blood flow kinetics can 34 
unify the seemingly contradictory evidence for the control of pulmonary V砦 O2 on transition to 35 
exercise. 36 





We examined the relationship amongst baseline work rate (WR), phase II pulmonary V砦 O2 time 3λ 
constant (kV砦 O2p) and functional gain (GPμ 〉V砦 O2p/〉WR) during moderate-intensity exercise. 40 
Transitions were initiated from a constant or variable baseline WR. A validated circulatory 41 
model was used to examine the role of heterogeneity in muscle metabolism (V砦 O2m) and blood 42 
flow (Q砦 m) in determining V砦 O2p kinetics. We hypothesized that kV砦 O2p and GP would be invariant 43 
in the constant baseline condition, but would increase linearly with increased baseline WR. 44 
Fourteen men completed 3-5 repetitions of ∆40W step-transitions initiated from 20, 40, 60, 80, 45 
100, and 120 W on a cycle ergometer. The ∆40W step-transitions from 60, 80, 100, and 120 W 46 
were preceded by 6 minutes of 20 W cycling from which the progressive 〉WR transitions 47 
(constant baseline condition) were examined. V砦 O2p was measured breath-by-breath using mass 48 
spectrometry and volume turbine. For a given 〉WR, both kV砦 O2p (22 to 35s) and GP (8.7 to 10.5 4λ 
mL:min-1:W-1) increased (p<0.05) linearly as a function of baseline WR (20 to 120 W). kV砦 O2p 50 
was invariant (p<0.05) in transitions initiated from 20 W, but GP increased with 〉WR (p<0.05). 51 
Modeling the summed influence of multiple muscle compartments revealed that kV砦 O2p could 52 
appear fast (24s), and similar to in vivo measurements (22±6s), despite being derived from 53 
kV砦 O2m values ranging 15-40s and kQ砦 m ranging 20-45s suggesting that within the moderate-54 
intensity domain phase II V砦 O2p kinetics are slowed dependent on the pre-transition WR, and are 55 
strongly influenced by muscle metabolic and circulatory heterogeneity.  56 
 57 





After a step-change in moderate-intensity exercise work rate (WR) (i.e., below the lactate 60 
threshold), pulmonary O2 uptake (V砦 O2p) increases in an exponential-like manner towards a new 61 
steady-state O2 requirement following a brief cardiodynamic period (phase I). The exponential 62 
increase in V砦 O2p (phase II) is closely associated with the dynamic adjustment of skeletal muscle 63 
V砦 O2 (V砦 O2m) (Barstow et al. 1λλ0; Grassi et al. 1λλ6; Krustrup et al. 200λ) and is characterized 64 
by both its rate (quantified by the time constant for V砦 O2p [kV砦 O2p]) and amplitude (quantified by 65 
the functional V砦 O2p gain [GPμ ∆V砦 O2p/∆WR]) (Whipp et al. 1λ82). 66 
During exercise initiated from a common, low, baseline WR, both phase II kV砦 O2p and GP 67 
are invariant, and independent of the subsequent moderate-intensity WR performed (Özyener et 68 
al. 2001; Spencer et al. 2013). This kinetic behavior implies that phase II V砦 O2p kinetics are 6λ 
consequent to a first order rate reaction; specifically, linked, to mitochondrial ADP feedback 70 
(Rossiter, 2011; Wüst et al. 2011). However, when exercise is initiated from a raised baseline 71 
WR and metabolic rate, V砦 O2p kinetics are slowedμ both kV砦 O2p and GP are increased (Brittain et 72 
al. 2001; MacPhee et al. 2005; Spencer et al. 2011; Bowen et al. 2011; Williams et al. 2013; 73 
Keir et al. 2014). This behavior was suggested to be evidence that V砦 O2p kinetics do not conform 74 
to a first order rate reaction (Robergs, 2014). However, others interpreted this kinetic slowing to 75 
be reflective of the physiological properties of the activated musculature (Brittain et al. 2001), 76 
where individual fibers operate through a first-order ADP-feedback reaction, but where 77 
mitochondrial volume-density differs among the activated muscle fibers (Rossiter, 2011). In 78 
other words, preferential activation of highly oxidative muscle fibers at low baseline WR will 7λ 
have inherently faster V砦 O2p kinetics than less-oxidative fibers activated at higher work rates; yet 80 




Recently, Keir et al. (2014) reported that moderate-intensity V砦 O2p kinetics were strongly 82 
related to baseline metabolic rate, but not to the baseline WR or the magnitude of the increase in 83 
WR during the exercise bout (∆WR). This suggested that the intramuscular metabolic status (e.g. 84 
[ADP]/[ATP], and/or free energy of ATP), rather than kinetic characteristics of the recruited 85 
motor units, influence V砦 O2p kinetics; a conclusion supported by Bowen et al. (2011) using a 86 
model of incomplete muscle recovery, and by Wüst et al. (2014) with exercise transitions in 87 
electrically-stimulated dog hind limb muscle. However, DiMenna et al. (2010), using high-88 
intensity exercise, found that baseline metabolic rate did not influence subsequent V砦 O2p kinetics, 8λ 
supporting the recruitment hypothesis. λ0 
To shed light on this controversy we aimed to determine the relationship between λ1 
baseline metabolic rate and V砦 O2p kinetics during exercise initiated from several different rates of λ2 
baseline metabolism, each using an identical work rate increment (∆WR) within the moderate-λ3 
intensity domain; previous investigations having used only two different baseline work rates. λ4 
This would allow us to determine whether V砦 O2p kinetics are slowed in relation to baseline V砦 O2p. λ5 
Additionally, to account for potential confounding effects of regional O2 delivery on muscle λ6 
V砦 O2p (Hughson & Morrissey, 1λ82; MacPhee et al. 2005; Koga et al. 2007; Wüst et al. 2014), λ7 
we simultaneously measured regional muscle deoxygenation (hemoglobin (Hb) + myoglobin λ8 
(Mb); hereafter referred to as “[HHb]”) by near-infrared spectroscopy, which reflects the λλ 
relationship between microvascular O2 delivery to O2 utilization (Murias et al. 2014). In addition, 100 
it is well understood that V砦 O2m kinetics can be modulated by circulatory dynamics on transition 101 
to their pulmonary expression as phase II V砦 O2p (Hoffmann et al. 2013; Benson et al. 2013). To 102 




circulatory distortions could explain a progressive slowing of V砦 O2p kinetics with progressively 104 
greater baseline work rate. 105 
Thus, the purpose of this study was to determine in the same participantsμ 1) V砦 O2p and 106 
[HHb] kinetics over a range of moderate-intensity WR increments initiated from a constant 107 
baseline metabolic rate, i.e., the same baseline metabolism with variable ∆WR (constant baseline 108 
condition); 2) the relationship between baseline metabolic rate and V砦 O2p and [HHb] kinetics for 10λ 
a constant WR increment within the moderate-intensity domain, i.e., variable baseline 110 
metabolism with the same ∆WR (variable baseline condition); and 3) the extent to which 111 
circulatory dynamics may contribute to the slowed V砦 O2p kinetics from progressively increasing 112 
baseline metabolic rate. We hypothesized that, unlike in the constant baseline condition, in the 113 
variable baseline condition kV砦 O2p and GP would increase linearly with baseline V砦 O2p 114 
independent of [HHb] dynamics, and that these differences could not be explained by circulatory 115 
modulation of muscle V砦 O2 kinetics. Accepting this hypothesis would suggest an association 116 
between instantaneous muscle metabolism and kV砦 O2p and GP in moderate intensity exercise, 117 
which is inconsistent with simple first order kinetic control theory. 118 
 11λ 
Methods 120 
Ethical approval. The study was conducted according to the Declaration of Helsinki and all 121 
procedures were approved by The University of Western Ontario Ethics Committee for Research 122 
on Human Subjects. All participants volunteered and gave informed written consent to 123 





Participants. Fourteen healthy young adult men (mean ± SD valuesμ age, 24 ± 3 yrs; body mass, 126 
83 ± 5 kg; height, 180 ± 8 cm; V砦 O2peak, 48.1 ± 5.λ mL:kg-1:min-1) volunteered for the study. All 127 
participants were non-smokers who were free of any known musculoskeletal, respiratory, 128 
cardiovascular, and metabolic conditions, and who were not taking any medications that might 12λ 
influence cardiorespiratory or metabolic responses to exercise. Participants were selected on the 130 
basis that their WR at the estimate lactate threshold ( Lș̂ ) was at least 130 W, allowing all step-131 
transitions used in the protocol to begin within the moderate-intensity domain.     132 
 133 
Ramp Incremental Exercise. Each participant reported to the laboratory to perform a symptom-134 
limited ramp incremental (RI) exercise test (20 W baseline for 4 min followed by a 25 W:min-1 135 
ramp) on a magnetically-braked cycle ergometer (modelμ Velotron, RacerMate Inc., Seattle, WA, 136 
USA) for determination of peak V砦 O2p (V砦 O2peak) and peak WR (WRpeak). Participants were asked 137 
to maintain a cadence of ~60 rpm during the test. V砦 O2peak was defined as the greatest 20 s V砦 O2p 138 
computed from a rolling average and WRpeak was defined as the WR achieved at termination of 13λ 
the RI test. Additionally, the Lș̂ was determined by visual inspection using standard ventilatory 140 
and gas exchange indices as previously described (Beaver et al. 1λ86). 141 
 142 
Constant Work Rate Exercise Protocols. Participants performed 3-5 repetitions of 40W step-143 
increments (i.e., ∆40) from a baseline WR of 20, 40, 60, 80, 100, and 120 W (i.e., variable 144 
baseline condition). Step-transitions were 6 min of baseline WR followed by an instantaneous 145 
step-increase in WR to 40 W above the baseline for 6 min. With the exception of the step-146 
transitions from 20 W and 40 W, all other transitions were preceded by 6 min of baseline cycling 147 




baseline and different WR increments (i.e., ∆40, ∆60, ∆80, ∆100; constant baseline condition). 14λ 
Therefore, one-third of the exercise protocols were 12 min in duration (those initiated from 20 150 
and 40 W) and the other two-thirds were 18 min (see Figure 1). A maximum of two exercise 151 
protocols were completed per visit with a minimum of 20 min seated rest between exercise 152 
bouts. For each participant, the sequence of exercise protocols was randomized in a 153 
counterbalanced order and it was assumed that exercise duration did not affect physiological 154 
outcome measures.  155 
Data Collection. During each trial participants wore a noseclip and breathed through a 156 
mouthpiece for breath-by-breath gas-exchange measurements. Inspired and expired volumes and 157 
flow rates were measured using a low dead space (λ0 mL) bidirectional turbine (Alpha 158 
Technologies, VMM 110) and pneumotach (Hans Rudolph, Model 4813) positioned in series 15λ 
from the mouthpiece (total apparatus dead space was 150 mL); respired air was continuously 160 
sampled at the mouth and analysed by mass spectrometry (Innovision, AMIS 2000, Lindvedvej, 161 
Denmark) for fractional concentrations of O2 and CO2. The volume turbine was calibrated before 162 
each test using a syringe of known volume (3 L) over a range of flow rates and the pneumotach 163 
was adjusted for zero flow. Gas concentrations were calibrated with precision-analyzed gas 164 
mixtures. The time delay between an instantaneous, square-wave change in fractional gas 165 
concentration at the sampling inlet and its detection by the mass spectrometer was measured 166 
electronically by computer. Respiratory volumes, flow, and gas concentrations were recorded in 167 
real-time used to build a profile of each breath. Alveolar gas exchange was calculated on a 168 
breath-by-breath basis using the algorithms of Swanson (1λ80).  16λ 
Local muscle deoxygenation ([HHb]) of the quadriceps vastus lateralis muscle was 170 




(Oxiplex TS, Model λ2505, ISS, Champaign, USA) as described elsewhere (Spencer et al. 172 
2012). Briefly, the system was comprised of a single channel consisting of eight laser diodes 173 
operating at two wavelengths (そ = 6λ0 and 828 nm, four at each wavelength) that were pulsed in 174 
a rapid succession down a photomultiplier tube. A rigid plastic NIRS probe (connected to laser 175 
diodes and photomultiplier tube by optical fibers) consisted of two parallel rows of light emitter 176 
fibers and one detector fiber bundle; the source-detector separations for this probe were 2.0, 2.5, 177 
3.0, and 3.5 cm for both wavelengths. The probe was placed on the belly of the muscle, at the 178 
distal end of the vastus lateralis muscle. NIRS measurements were collected continuously for the 17λ 
entire duration of each trial. The NIRS was calibrated at the beginning of each testing session 180 
following an instrument warm-up period of at least 20 min. Throughout each testing session, 181 
continuous measurements of the absolute scattering (たs) and absorption (たa) coefficients for each 182 
wavelength were determined by measuring the intensity of modulated light entering and 183 
traversing the tissue (determined from the average component of the modulated light waves 184 
[DC], amplitude of the modulation [AC], and the phase shift [ぱ] between those two signals) at 185 
the four source - detector distances (R). The coefficients of AC and ぱ were plotted as a function 186 
of distance R at both wavelengths to determine たs and たa, which were used to resolve the 187 
absolute concentrations of HHb (in µM) using the Beer-Lambert equation. Data were stored 188 
online at an output frequency of 25 Hz, but were reduced to 1 s bins for all subsequent analyses. 18λ 
 1λ0 
Data Analysis. Breath-by-breath V砦 O2p data were edited on an individual basis by removing 1λ1 
aberrant data that lay 3 SD from the local mean (Lamarra et al. 1λ87). Within each participant, 1λ2 




time-aligned such that time “zero” represented the onset of the transition. The on-transient of 1λ4 
each profile was modeled with the following mono-exponential functionμ 1λ5 
 1λ6 
y(t) = yBSL + A : (1 – e-(t-TD)/k)   (1) 1λ7 
 1λ8 
where, y(t) is the value of the dependent variable at any time during the transition, yBSL is the 1λλ 
pre-transition baseline value (determined from the ~60 s before a transition), A is the steady-state 200 
increase in y above the baseline value, TD is the time delay, and k is the time constant of the 201 
response (or the time for y to increase to 63% of the new steady-state after TD). The functional 202 
gain (GPμ 〉V砦 O2p/〉WR) of the response was determined by dividing A (in mL∙min-1) by the 203 
change in WR (in W). Data were fit using the Levenberg-Marquardt algorithm to find the 204 
minimum sum of squared residuals between the mono-exponential function and the experimental 205 
data (using Origin 8.5; OriginLab, Northampton, MA). The end of the fitting window was set to 206 
~ 5 times the estimated time constant in order to restrict the modeling to data lying within the 207 
transient phase.  For those individuals who transitioned into the heavy-intensity domain, the end 208 
of the phase II fitting window was determined by examining the change in k, CIλ5, ぬ2, and plotted 20λ 
residuals in response to progressive increases in the end of the fitting window. The point 210 
immediately preceding a systematic increase in k, CIλ5, and ぬ2 was considered as the end of phase 211 
II. The mean response time (MRT-V砦 O2p) of V砦 O2p was characterized from a fit of the V砦 O2p 212 
response from t=0 to the end of the exercise 213 
The TD for the [HHb] ([HHb]-TD) response was determined using second-by-second 214 
data and corresponded to the time, after the onset of exercise, at which the [HHb] signal 215 




made on each individual’s ensemble-averaged response and the data were modeled using 217 
equation 1. Different fitting strategies ranging from λ0-180 s into a transition resulted in minimal 218 
differences in estimates of k[HHb]. The MRT for [HHb] (MRT-[HHb]) described  the overall 21λ 
time for [HHb] to increase from the start of exercise to 63% of the “steady-state” value and was 220 
calculated as the sum of k[HHb] and [HHb]-TD. 221 
 222 
In silico simulations. The validated multi-compartmental model (MCM) of Benson et al. (2013) 223 
was used to investigate the dissociation between muscle and pulmonary V砦 O2 kinetics. Briefly, 224 
mathematical expressions for O2 delivery (Q砦 ), muscle O2 uptake, and a lumped compartment 225 
representing the rest of the body were joined in parallel by a single arterial compartment and 226 
multiple compartments on the venous side (representing blood draining the muscle, the rest of 227 
the body, and a mixed compartment approximating the blood volume proximal to the common 228 
femoral veins). The fractions of total metabolic rate (from muscleμ 0.57; from body 0.43) and 22λ 
cardiac output (Q砦 ; to muscleμ 0.57; to body 0.43) for unloaded pedaling and venous blood 230 
volume associated with muscle (0.7 L), body (0.1 L), and mixed compartments (2.3 L) were 231 
fixed while the WR and kinetic variables for muscle and body Q砦  (Q砦 m and Q砦 b) and V砦 O2 (V砦 O2m 232 
and V砦 O2b) were manipulated experimentally to mimic the pre-transition conditions of the in vivo 233 
experiments and predict phase I and phase II V砦 O2p kinetics. The output of the model was 234 
instantaneous V砦 O2p(t)μ  235 
 236 





where CaO2 is arterial content (fixed to 20 mL O2 per 100 mL of blood), Cv采 O2 is mixed venous 23λ 
O2 content. During the simulated exercise step-transitions, Q砦 m and V砦 O2m increased exponentially 240 
according to equation 1 (with TD = 0), toward their WR-dependent steady-state values with a 241 
steady-state relationship of 6 L∙min-1 per 1 L∙min-1 of V砦 O2. The intercept of the Q砦 -to-V砦 O2 242 
relationship was set to 3.6 L∙min-1 (Benson et al. 2013). Values of V砦 O2 were dependent on WR 243 
inputs and functional gains (i.e., ∆V砦 O2/∆W) of λ.5, 11.0, and -1.5 mL∙min-1∙W-1 for V砦 O2p, V砦 O2m, 244 
and V砦 O2b, respectively as previously described (Benson et al. 2013). Values for Q砦  in the various 245 
compartments were based on the aforementioned Q砦 -to-V砦 O2 relationship.   246 
 Exercise was simulated for moderate-intensity transitions by specifying a step-change in 247 
WR. Initially, the steady-state V砦 O2p baseline for 20 W was set to 0.75 L∙min-1 and kV砦 O2m and 248 
kQ砦 m were modulated in order to generate a kV砦 O2p value that corresponded to the group mean 24λ 
kV砦 O2p from the 20 W to 60 W step. Thereafter, simulations were done for ∆40W step-changes 250 
from 40, 60, 80, 100, and 120 W and for ∆60W, ∆80W, and ∆100W step-changes from 20 W 251 
with fixed parameter inputs for kV砦 O2m and kQ砦 m in order to determine the degree by which 252 
circulatory dynamics modulate the dynamics of V砦 O2p at a constant kV砦 O2m and varying moderate-253 
intensity baseline WR and WR increments. In addition, simulations were produced to examine 254 
the influence of slowing Q砦 m dynamics on the V砦 O2p profile; for each of the ∆40W step-changes, 255 
kV砦 O2m was fixed to each of 20, 30, and 40 s, and a series of simulations of V砦 O2p was produced 256 
where kQ砦 m was varied (MacPhee et al. 2005). In all experimental conditions, the phase II region 257 
of the V砦 O2p output from the simulations was fitted to equation 1, with the end of phase I being 258 
identified precisely from the profile of simulated Cv采 O2.   25λ 
To investigate how the homogenized V砦 O2p response to a step-change in WR from 20 to 260 




circulatory dynamics, the group mean dynamic responses of V砦 O2p and [HHb] from each of the 262 
equal WR increment steps (variable baseline condition) were used to infer the V砦 O2m and Q砦 m 263 
kinetics of six theoretical muscle compartments (kV砦 O2m = 15, 20, 25, 30, 35, 40 s and kQ砦 m = 20, 264 
25, 30, 35, 40, 45 s for compartments 1 – 6, respectively) assuming that both kV砦 O2m and kQ砦 m 265 
linearly increase as a function of WR. Assuming simultaneous activation and equal contributions 266 
of each of the six compartments, the homogenized V砦 O2p response to a step-change in WR from 267 
20 to 120 W was simulated for each compartment and combined into a single homogenized 268 
response. The averaged V砦 O2p output was modeled as previously mentioned and kinetics were 26λ 
compared to the actual group mean V砦 O2p response to the step-change in WR from 20 to 120 W.  270 
 271 
Statistical Analysis. Data are presented as means ± SD. A one-way analysis of variance 272 
(ANOVA) for repeated measures was used to compare kinetic parameters and variables between 273 
conditions. Where significant main effects were found, a Tukey’s post hoc analysis was 274 
performed for multiple comparisons testing. All statistical analyses were performed using 275 
SigmaPlot Version 11.0, (Systat Software Inc., San Jose, CA). Statistical significance was 276 
accepted at an alpha level of 5%. 277 
 278 
Results 27λ 
 The group mean Lș̂ was 2.22 ± 0.32 L∙min-1 (rangeμ 1.85 – 3.00 L∙min-1), which 280 
corresponded to a mean WR of 161 ± 34 W (rangeμ 130 – 240 W). Therefore, the WR associated 281 
with Lș̂ for all participants was greater than the maximum baseline WR from which step-282 
transitions were initiated in the experimental protocol (i.e., 120 W). The 40 W transitions from 283 




10, 78 ± 12 % of V砦 O2p at Lș̂ , and the steady-state V砦 O2p achieved corresponded to 50 ± 8, 60 ± λ, 285 
68 ± 10, 78 ± 11, 87 ± 12, λ7 ± 14 % of Lș̂ . Based on the steady-state V砦 O2p achieved, four (of 286 
14) participants transitioned into the heavy-intensity domain at 160 W and one at 140 W. 287 
However, removal of these data post hoc did not alter the overall study outcomes described 288 
below. 28λ 
Table 1 shows the phase II V砦 O2p parameters for each of the variable baseline conditions. 2λ0 
The ensemble-averaged group profiles of V砦 O2p for the variable baseline condition are displayed 2λ1 
in Figure 2. In each panel, a mono-exponential fit derived from the group mean parameter 2λ2 
estimates (from equation 1) is superimposed over the data. As designed, V砦 O2pBSL increased 2λ3 
(p<0.05) progressively from the 20 W to 120 W baseline transitions (Table 1). Despite constant 2λ4 
∆WR, the parameter estimates for A, GP and kV砦 O2p increased progressively with increasing 2λ5 
baseline WR (p<0.05; see Table 1 and Figure 3 for pairwise differences).  2λ6 
The group mean parameter estimates from the phase II V砦 O2p fits for the constant baseline 2λ7 
condition exercise transitions are displayed in Table 2. Figure 4 shows the mean V砦 O2p responses 2λ8 
for ∆40, ∆60, ∆80, ∆100 W transitions from a 20 W baseline. As designed, V砦 O2pBSL did not 2λλ 
change (p>0.05) amongst these step-transitions and A increased (p<0.05) with increasing WR 300 
increment. The GP increased (p<0.05, main effect) during transitions to increasing moderate-301 
intensity WRs, but there was no difference in kV砦 O2p among the different ∆WR conditions 302 
(p>0.05). The relationships between A, kV砦 O2p or GP, and the WR increment are shown in Figure 303 
5. 304 
The kinetic parameters of [HHb] under the variable and constant baseline conditions are 305 
shown in Tables 3 and 4 with group mean responses displayed in Figures 6 and 7. Similar to 306 




increased (p<0.05, main effect) and [HHb]-TD decreased (p<0.05, main effect) with increasing 308 
baseline WR (see Table 3 for multiple comparisons). The ∆[HHb] and MRT-[HHb] were not 30λ 
different (p>0.05) when the WR increment was constant (variable baseline condition; Table 3) 310 
but, as expected, 〉[HHb] increased (p<0.05) with increasing 〉WR (constant baseline condition; 311 
Table 4). There was no influence of WR increment (p>0.05) on [HHb]BSL, [HHb]-TD, MRT-312 
[HHb], or k[HHb] in the constant baseline condition (Table 4).  313 
The relationship between phase II V砦 O2p kinetics and [HHb] kinetics was examined by 314 
computing the difference in “time to reach steady-state” for both signals (i.e., (4*kV砦 O2p) for 315 
V砦 O2p and ([HHb]-TD + 4*k[HHb]) for [HHb], in s) (Figure 8). A “steady-state” for [HHb] was 316 
reached ~ 45 s earlier than for V砦 O2p for all ∆40W WR transitions (Figure 8A) and ~37 s earlier 317 
for WR transitions from a common 20 W baseline (Figure 8B); responses were similar between 318 
and within variable and constant baseline conditions (p>0.05, Figures 8A and 8B).  31λ 
The in silico simulations using the in vivo estimated parameters for V砦 O2p kinetics are 320 
presented in Figure λ. First, the outcomes from simulations performed to determine values of 321 
kV砦 O2m and kQ砦 m that would elicit a kV砦 O2p of 22 s for the ∆40W step-transition from 20 W were 322 
26.1 s and 28.5 s for kV砦 O2m and kQ砦 m, respectively. These values were then used to determine the 323 
extent to which kV砦 O2p would be modified by increasing WR increment (constant baseline 324 
condition; Figure λA) and baseline WR (variable baseline condition; Figure λB) assuming V砦 O2m 325 
and Q砦 m kinetics were unaltered. As shown in Figure λA, the influence on increasing the WR 326 
increment in the constant baseline condition is that kV砦 O2p is reduced from 22.0 s (at 〉40W) to 327 
20.3 s (at 〉100W). The opposite occurs in the variable baseline condition with common 〉40W 328 
WR increments, where kV砦 O2p increases from 22.0 s (at 20 W baseline) to 24.4 s (at 120 W 32λ 




slower as baseline WR was increased (kQ砦 m was increased by 5 s per 20 W increase in baseline). 331 
Figure λC shows that the difference between kV砦 O2m and kV砦 O2p tends to become smaller as the 332 
baseline WR is increased (variable baseline condition). 333 
Figure 10 displays the results of the simulated six muscle compartment model to a step 334 
change from 20 to 120 W. Based on the dynamic responses of V砦 O2p and [HHb] from the group 335 
means of the equal WR increment steps, the V砦 O2m and Q砦 m kinetics for six theoretical muscle 336 
compartments were determinedμ kV砦 O2m = 15, 20, 25, 30, 35, 40 s and kQ砦 m = 20, 25, 30, 35, 40, 337 
45 s (for compartments 1 – 6, respectively). The resultant kV砦 O2p of the averaged V砦 O2p output 338 
was 23.5 s, which was less than the mean kV砦 O2m of all compartments (27.5 s) and very similar to 33λ 
the measured V砦 O2p response of 21.8 s (Figure 10). 340 
Discussion 341 
 The purpose of this study was to examine the relative stability of phase II V砦 O2p and 342 
[HHb] kinetics under a wide range of conditions with varying baseline work rate and work rate 343 
increment during moderate-intensity exercise. The main findings of the study were thatμ i) in the 344 
variable baseline condition, exercise transitions from a progressively greater baseline WR were 345 
associated with progressive increases in both kV砦 O2p and GP – the relationships between baseline 346 
WR and kV砦 O2p or GP were approximately linear; ii) in the constant baseline condition, but with 347 
progressively greater ∆WR increments, kV砦 O2p did not vary, but GP increased, with increasing 348 
WR increment; iii) [HHb] kinetics were consistently faster than V砦 O2p kinetics by a magnitude 34λ 
that was essentially constant under all experimental conditions (i.e., a slowing of V砦 O2p kinetics 350 
was concomitant with a slowing of [HHb] kinetics) suggesting that both V砦 O2m and Q砦 m kinetics 351 
slowed in concert as baseline work rate increased; and iv) in silico simulations of the circulatory 352 




variable baseline condition were unlikely to be consequent to altered circulatory dynamics. Thus, 354 
these data suggest that V砦 O2p kinetics may be dependent on the instantaneous metabolic rate from 355 
which they are initiated. However, the in silico simulations suggest that metabolic and 356 
circulatory dynamics can turn a heterogeneous (or summed) V砦 O2m response containing 357 
kinetically slow compartments into a uniformly fast V砦 O2p response. Therefore, we propose that 358 
intracellular O2 utilization dynamics are first order and are intrinsically slower (in a progressive 35λ 
manner) in muscle fibres located at higher positions within the fibre recruitment hierarchy.  360 
Mechanisms of Vլ O2 kinetic control  361 
Intriguingly, our finding that V砦 O2p kinetics were constant during different WR 362 
increments initiated from a common baseline (20 W) is consistent with the traditional suggestion 363 
that a first order rate reaction controls V砦 O2p kinetics (Whipp & Mahler, 1λ80; Barstow & Mole, 364 
1λλ1; Özyener et al. 2001; Scheuermann & Barstow, 2003; Spencer et al. 2013). However, the 365 
finding that V砦 O2p kinetics increased linearly with increasing baseline work rate is also consistent 366 
with the frequent and long-standing observation that moderate-intensity V砦 O2p kinetics are not 367 
first order (Hughson & Morrissey, 1λ82; Brittain et al. 2001; Robergs, 2014). Importantly, these 368 
findings were made within the same group of participants, ruling-out individual participant 36λ 
differences as an explanation for differences when comparing amongst published studies. 370 
 When two identical step-WR increments (between 20 W and λ0% Lș̂ ) bisecting the 371 
moderate-intensity domain are performed, the kinetics of V砦 O2p are consistently slower in the 372 
upper compared to the lower step-transition (Brittain et al. 2001; MacPhee et al. 2005; Bowen et 373 
al. 2011; Williams et al. 2013; Keir et al. 2014). By examining a range of pre-transition baseline 374 
work and metabolic rates spanning the entire moderate-intensity domain, the present study 375 




baseline WR and metabolic rate in an approximately linear manner. This phenomenon has been 377 
previously explained by two hypotheses. The first is a fibre activation pattern favouring 378 
“kinetically-faster”, more efficient fibres, to perform lower intensities and a progressive 37λ 
incorporation of “kinetically-slower” fibres to perform greater external WRs (Brittain et al. 380 
2001). An alternative view proposes that V砦 O2p kinetics are influenced by the pre-transition 381 
metabolic rate such that greater reductions in intracellular energy state cause less free energy 382 
delivery from the mitochondria and increase the demand for mitochondrial ATP production 383 
(Bowen et al. 2011; Wüst et al. 2014).  It currently is not possible to know whether the muscle 384 
motor units recruited to transition to low work rates are the same or different from those 385 
recruited to transition to greater work rates. Thus, we cannot distinguish whether the present 386 
results are due to recruitment of motor units innervating muscle fibres with inherently different 387 
mitochondrial volume-density, or whether our findings were consequent to a progressive 388 
contribution of increasing metabolic rate within a uniform fibre population.  38λ 
It has been suggested that the free energy associated with ATP hydrolysis (∆GATP, i.e., 3λ0 
~58 kJ∙mol-1) is greater than the activation energy required for acto-myosin crossbridge cycling 3λ1 
(~ 40 kJ∙mol-1 (Sheetz et al. 1λ84) but close to that for SERCA ATPase function (~ 52 kJ∙mol-1) 3λ2 
under normal physiological conditions (Grassi et al. 2015). Since the concentration of 3λ3 
metabolites that affect ∆GATP (i.e., [ADPfree] and [Pi]) are elevated at greater baseline metabolic 3λ4 
rates, less negative ∆GATP could prevent some acto-myosin crossbridge or SERCA ATPase 3λ5 
regions from receiving sufficient energy to activate. The resultant effect would be a 3λ6 
progressively larger and possibly less “square wave” change in ATP required for a given change 3λ7 
in WR, thereby altering the exponential-nature of the response leading to an increase in both 3λ8 




exercise, where muscle fatigue appears to be absent (Cannon et al. 2011). An alternative 400 
mechanism could be that V砦 O2m of individual fibers does operate through a unimolecular reaction 401 
of ADP-feedback to its mitochondrial network; when these same fibers are recruited at a greater 402 
level of metabolic activity, the intracellular [ADPfree] exceeds the Km and thus the sensitivity of 403 
V砦 O2m to increases in [ADPfree] may decrease, manifesting as a slower rate of adjustment in V砦 O2p 404 
with a greater baseline metabolic rate. Nevertheless, this also seems unlikely in moderate 405 
exercise where intramyocellular disturbance in [ADPfree] in the active fibres is likely small and 406 
thus an alternative explanation is required. 407 
In silico simulations 408 
Using in silico simulations based on a validated multi-compartmental model of 40λ 
circulatory dynamics, Benson et al. (2013) demonstrated that kinetic dissociations between phase 410 
II V砦 O2p and V砦 O2m can occur dependent on both the dynamics of muscle and whole body Q砦  and 411 
flow-weighted mixing of muscle and whole body venous effluents. In the present study, this 412 
model was applied to assess whether altered circulatory dynamics with transitions from 413 
increasing baseline WRs might distort, by “slowing”, the dynamic adjustment of the V砦 O2p profile 414 
despite V砦 O2m kinetics being “constant” when transitioning from progressively higher starting 415 
baseline metabolic rates. When assuming constant kinetics for V砦 O2m (kV砦 O2m, 26.1 s) and Q砦 m 416 
(28.5 s) (see Methods), simulations showed that constant ∆40W step-transitions initiated from 417 
progressively higher baseline WRs (from 20 to 120W) were associated with a slight ~ 2 s 418 
increase in kV砦 O2p (22.0 to 24.2 s); however, this effect was not large enough to explain the 41λ 
observed kV砦 O2p which increased from 22 s to 35 s under the same conditions. This suggests that 420 
significant “distortion” of the V砦 O2m profile at the lung because of circulatory dynamics and 421 




were not responsible for the major progressive slowing of V砦 O2p kinetics observed in this study 423 
(Bowen et al. 2011).   424 
That [HHb] kinetics were consistently faster than V砦 O2p kinetics suggests that, overall, 425 
during the on-transient phase, a greater rate of O2 extraction was required relative to the rate of 426 
muscle O2 utilization. Since, the magnitude by which kinetics of both signals differed did not 427 
change as a function of baseline WR (Figure 8) suggests that the underlying microvascular blood 428 
flow (Q砦 m) dynamics were slightly slower than V砦 O2m and that Q砦 m became progressively slower 42λ 
with transitions from greater baseline WRs. Given that MacPhee et al. (2005) also reported a 430 
twofold increase in the time constant for bulk leg blood flow when equal WR increment step-431 
transitions were initiated from WRs midway between 20W and λ0% Lș̂ compared to a baseline 432 
of 20W, we examined the effect of progressively increasing kQ砦 m (by a factor of ~5 s per 20W 433 
increase in baseline; MacPhee et al. (2005)) on the modulation of kV砦 O2p for a range of kV砦 O2m 434 
(from 20 – 40 s; Figure λC). For any given kV砦 O2m, kV砦 O2p was reduced as baseline WR and kQ砦 m 435 
increased (a relationship opposite to that observed experimentally in the present study). This 436 
further supports the notion that the slowing of V砦 O2p kinetics coincident with higher baseline 437 
metabolic rates, seen in this and other studies, reflects an actual slowing of V砦 O2m kinetics, and is 438 
not a consequence of circulatory-induced “distortions” of an unchanging V砦 O2m profile.  43λ 
Since It has been suggested that the dynamics of O2 delivery are regionally 440 
heterogeneous within human quadriceps muscle (Koga et al. 2007), we further used this model to 441 
provide an additional explanation to reconcile why V砦 O2p kinetics were slowed (from ~ 22 s to ~ 442 
35 s) in transitions initiated from progressively higher baseline WRs but are fast (~ 20 s) and 443 
unchanged with transitions initiated from a 20 W baseline but increasing 〉WR increment. In 444 




(presumably those with a greater mitochondrial volume and better blood supply) dominate the 446 
collective, or homogenized, V砦 O2p response by exerting a greater influence on CvO2 of the blood 447 
draining the muscle during the early portion of the transition. To explore this suggestion we used 448 
a model broadly based on the six muscle “compartments” derived from the responses to the six 44λ 
฀40W steps that were examined in this study. We assumed that each compartment was of equal 450 
size but varied in V砦 O2m and Q砦 m kinetics. We examined the average V砦 O2p response to a step-451 
change in WR from 20 to 120 W derived from the simultaneous activation of these 452 
compartments (see Methods). V砦 O2m and Q砦 m kinetics for each compartment were determined ad-453 
hoc and were selected to reflect the kinetics (as inferred from V砦 O2p and [HHb]) from the group 454 
means of the equal WR increment steps (kV砦 O2m = 15, 20, 25, 30, 35, 40 s and kQ砦 m = 20, 25, 30, 455 
35, 40, 45 s for compartments 1 – 6, respectively). There was a slight discrepancy between the 456 
V砦 O2p model output and the measured V砦 O2p response (Figure 10) in the early phase (phase I) of 457 
the transition (possibly due to differences in the blood flow profile during abrupt transitions from 458 
∆100W compared to ∆40W). However, phase II kV砦 O2p was 23.5 s which was less than the mean 45λ 
kV砦 O2m of all compartments (27.5 s) and very similar to the measured V砦 O2p response of 22 s. This 460 
suggests that the conflation of Q砦 m dynamics amongst compartments may modulate the 461 
“summated” V砦 O2m kinetics towards a faster kV砦 O2p via disproportionate and time-dependent 462 
contributions (of those compartments) to the dynamics of CvO2 of blood draining the muscle. 463 
Therefore, it is possible that the kV砦 O2p from the larger step-changes (i.e., greater WR increments) 464 
may have been influenced by the blood flow and metabolic heterogeneity and differences in 465 
circulatory and metabolic dynamics existing within the pool of muscle fibres recruited to support 466 
the change in WR. Although Q砦 m dynamics were not directly measured, microvascular O2 467 




contraction in rat muscle comprised predominately of fast- compared to slow-muscle fibres 46λ 
(Behnke et al. 2003; McDonough et al. 2005). Therefore, it is conceivable that human skeletal 470 
muscle may also express diversity in Q砦 m dynamics such that muscle fibres with slow V砦 O2m 471 
kinetics may also have slower blood flow dynamics.  472 
Reconciling models of Vլ O2p kinetic control  473 
Thus, while distinguishing among the various hypotheses for V砦 O2p kinetic control will 474 
require complex and detailed descriptions of V砦 O2m and intramyocellular signalling dynamics 475 
under a range of conditions (such as those used in this study), our combined in vivo and in silico 476 
data propose a unifying hypothesis. That V砦 O2p kinetics were invariant in the moderate domain 477 
with constant baseline WR is consistent with first order control. While the progressive increase 478 
in kV砦 O2p with increasing baseline work rates appears to subvert the requirements of a first order 47λ 
system, we propose that these findings can be reconciled by the understanding of the 480 
heterogeneity in both dynamics of muscle motor unit recruitment (of fibres with different a 481 
volume of mitochondrial network) and of blood flow (where the microvascular blood flow 482 
dynamics may vary to a similar magnitude to V砦 O2p kinetics). Thus, the transit and mixing of 483 
blood draining kinetically variable motor units are later combined to form a V砦 O2p kinetic 484 
response that is dominated by the influence of the motor units where both V砦 O2m and Q砦 m kinetics 485 
are fast. These features can explain both the main findings of V砦 O2p kinetic behaviour in this 486 
study and remain consistent with the assumptions of apparent first order control. 487 
Conclusion 488 
The main finding of the present study was that V砦 O2p kinetics are not altered when step-48λ 
changes are initiated from a 20 W baseline WR, but get progressively slower with increasing 4λ0 




could not be attributed to limitations in O2 delivery (since the magnitude of the difference 4λ2 
between kinetic adjustments of [HHb] and V砦 O2p was unchanged regardless of baseline WR or 4λ3 
∆WR increment). However, a model combining heterogeneous metabolism and blood flow 4λ4 
kinetics was able to reconcile these apparently conflicting findings. Collectively, these data 4λ5 
suggest that within the moderate-intensity domain phase II V砦 O2p kinetics are influenced by pre-4λ6 
transition WR, becoming slower as baseline WR increases, and are strongly influenced by 4λ7 
heterogeneity in the dynamic metabolic and circulatory properties of the active muscles. Taken 4λ8 
together, these data suggest that the work rate-dependent non-linear V砦 O2p responses may be 4λλ 
attributable to “heterogeneity” within the range of muscle fibres recruited to address the exercise 500 
challenge. Importantly, each of these muscle fibres may independently behave as a linear, first 501 
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Table Legends 608 
Table 1. Mean parameter estimates and fit statistics of phase II V砦 O2p data for each 40W 60λ 
transition from progressively increasing baseline work rates (mean ± SD) 610 
a-f indicate significant differences between conditions (p<0.05). “a” indicates difference from “20 611 
s 60”, “b” indicates difference from “40 s 80”, and so forth.  * indicates significant differences 612 
amongst all conditions (p<0.05). 613 
 614 
Table 2. Mean parameter estimates and fit statistics of phase II V砦 O2p data for each ∆WR 615 
transition from a constant baseline of 20W (mean ± SD) 616 
a-d indicate significant differences between conditions (p<0.05). “a” indicates difference from “20 617 
s 60”, “b” indicates difference from “20 s 80”, and so forth. * indicates significant differences 618 
amongst all conditions (p<0.05). 61λ 
 620 
Table 3. Mean parameter estimates and confidence interval of mono-exponential fit of [HHb] 621 
data for each 40W transition from progressively increasing baseline work rates (mean ± SD) 622 
a-f indicate significant differences between conditions (p<0.05). “a” indicates difference from “20 623 
s 60”, “b” indicates difference from “40 s 80”, and so forth. * indicates significant differences 624 
amongst all conditions (p<0.05). 625 
 626 
Table 4. Mean parameter estimates and confidence interval of mono-exponential fit of [HHb] 627 




a-d indicate significant differences between conditions (p<0.05). “a” indicates difference from “20 62λ 
s 60”, “b” indicates difference from “20 s 80”, and so forth. * indicates significant differences 630 
amongst all conditions (p<0.05). 631 




Figure Captions 633 
Figure 1. Schematic of experimental protocols and procedures. See text for details. 634 
 635 
Figure 2. Ensemble-averaged group mean responses of V砦 O2p in the variable baseline conditionμ 636 
six 40 W transitions from different baseline work rates. Vertical dashed lines indicate the onset 637 
of the transition (time = 0 s). The group mean phase II kinetic responses for each condition are 638 
superimposed on the data (dark lines, fitted with a mono-exponential function using group mean 63λ 
parameter estimates). kV砦 O2p values (± SD) are inset under each transition and error bars at 640 
specific time points indicate SD. 641 
 642 
Figure 3. A) Baseline V砦 O2p (V砦 O2pBSL) as a function of baseline WR. B)  V砦 O2p amplitude (A) as 643 
function of V砦 O2pBSL. C) V砦 O2p time constant (kV砦 O2p) as function of V砦 O2pBSL. D) Gain (GP) as 644 
function of V砦 O2pBSL. Symbols represent group mean ± SD. a-f indicate significant differences 645 
between conditions (p<0.05). “a” indicates difference from “20 s 60”, “b” indicates difference 646 
from “40 s 80”, and so forth. * indicates significant differences amongst all transitions 647 
(p<0.05). 648 
 64λ 
Figure 4. Ensemble-averaged group mean responses of V砦 O2p in the constant baseline conditionμ 650 
four different increments in work rate (∆WR) each from a 20 W baseline work rate. Vertical 651 
dashed lines indicate the onset of the transition (time = 0 s). The group mean phase II kinetic 652 
responses for each condition are superimposed over the data (dark lines, fitted with a mono-653 
exponential function using group mean parameter estimates). kV砦 O2p values (± SD) are inset 654 





Figure 5. Comparison of A) baseline V砦 O2p (V砦 O2pBSL); B) V砦 O2p amplitude (A); C) V砦 O2p time 657 
constant (kV砦 O2p); and D) gain (GP) as function of as a function of WR increment (∆WR). 658 
Symbols represent group mean ± SD. a-d indicate significant differences between conditions 65λ 
(p<0.05). “a” indicates difference from “20 s 60”, “b” indicates difference from “20 s 80”, and 660 
so forth.* indicates significant differences amongst all transitions (p<0.05). 661 
 662 
Figure 6. Ensemble-averaged group mean responses of [HHb] in the variable baseline conditionμ 663 
six 40 W transitions from different baseline work rates. Vertical dashed lines indicate the onset 664 
of the transition (time = 0 s). The group mean phase II kinetic responses for each condition are 665 
superimposed on the data (dark lines, fitted with a mono-exponential function using group mean 666 
parameter estimates). k[HHb] values (± SD) are inset under each transition and error bars at 667 
specific time points indicate SD. Error bars at specific time points are not displayed due to the 668 
large SD in [HHb] amongst subjects (see Table 3).   66λ 
 670 
Figure 7. Ensemble-averaged group mean responses of [HHb] in the constant baseline conditionμ 671 
four different increments in work rate (∆WR) each from a 20 W baseline work rate. Vertical 672 
dashed lines indicate the onset of the transition (time = 0 s). The group mean phase II kinetic 673 
responses for each condition are superimposed over the data (dark lines, fitted with a mono-674 
exponential function using group mean parameter estimates). k[HHb] values (± SD) are inset 675 
under each transition. Error bars at specific time points are not displayed due to the large SD in 676 







Figure 8. Comparison of the “time to reach steady-state” between V砦 O2p and NIRS-derived 681 
deoxygenated hemoglobin ([HHb]) signals following exercise onset. “Time to reach steady-682 
state” was computed as the difference between the sum of 4 time constants for phase II V砦 O2p (4 x 683 
kV砦 O2p) and 4 time constants plus the time delay for [HHb] ([HHb]-TD + (4 x k[HHb])). Panel A 684 
shows group mean ± SD for the variable baseline condition; 40 W transitions from different 685 
baseline work rates (black bars). Panel B shows group mean ± SD for each the constant baseline 686 
condition; variable increments in work rate each from a 20 W baseline (grey bar). There were no 687 
differences amongst transitions (p>0.05). 688 
 68λ 
Figure 9. The output of a dynamic computational simulation to illustrate the influence of 6λ0 
circulatory dynamics on the phase II pulmonary V砦 O2p during exercise transitions in both the 6λ1 
variable and constant baseline conditions. Modulation of kV砦 O2p at a fixed muscle kV砦 O2 (kV砦 O2m; 6λ2 
26.1 s) and muscle kQ砦  (kQ砦 m; 28.5 s) is examined for step-transitions from a 20 W baseline to 6λ3 
increasing ∆WR increments (panel A) and for ∆40W step-transitions from increasing baseline 6λ4 
WR (WRbsl; panel B). Panel C displays the effect of circulatory dynamics on kV砦 O2p during 6λ5 
simulated ∆40W exercise transitions from increasing baseline WRs at various kV砦 O2m (circles, 20 6λ6 
s; triangles, 30 s; squares, 40 s). The kQ砦 m values used in the simulations are based on data from 6λ7 
MacPhee et al. (2005) who showed that Q砦 m dynamics slow with transitions from elevated 6λ8 
metabolic rates. Note that as kQ砦 m increases with increasing baseline WR for each isopleth of 6λλ 
kV砦 O2m, kV砦 O2p becomes smaller (faster kinetics) which is opposite to the results from the in vivo 700 





Figure 10. Ensemble-averaged group mean responses of V砦 O2p for the ∆100W step-transition 703 
from a 20 W baseline work rate. Vertical dashed lines indicate the onset of the transition (time = 704 
0 s). A theoretical model containing six muscle compartments of equal size but varying V砦 O2m 705 
and Q砦 m kinetics (kV砦 O2m = 15, 20, 25, 30, 35, 40 s and kQ砦 m = 20, 25, 30, 35, 40, 45 s for 706 
compartments 1 – 6, respectively) was developed and computational simulations were used to 707 
investigate whether the conflation of Q砦 m dynamics amongst compartments may modulate the 708 
“summed” (or homogenized) V砦 O2m kinetics towards a faster kV砦 O2p response in a 100W step-70λ 
change from 20 W. Assuming equal contributions from each compartment, the resultant V砦 O2p 710 
response (black line) is overlaid on the in vivo group mean response (white circles). The phase II 711 
kV砦 O2p from the six compartment model was 23.5 s, which is slightly faster than the mean kV砦 O2m 712 
of all compartments, 27.5 s and similar to the kV砦 O2p measured in the study participants (21.8 ± 713 
4.8 s). 714 
  715 
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Table 1. Mean parameter estimates (± SD) for phase II V砦 O2p kinetics during 40 W exercise transitions from six different baseline 
work rates (variable baseline condition). 
 
 Step-transition power output (W) 
n = 14  20 s 60 40 s 80 60 s 100 80 s 120 100 s 140 120 s 160 
V砦 O2pBSL (L:min-1)* 0.75 ± 0.07  0.λ3 ± 0.06  1.10 ± 0.07  1.30 ± 0.06  1.48 ± 0.06  1.71 ± 0.08  
A (L:min-1)  0.35 ± 0.02cdef  0.37 ± 0.02def  0.3λ ± 0.02af  0.40 ± 0.20ab  0.41 ± 0.03ab  0.42 ± 0.04abc  
V砦 O2pSS (L:min-1)* 1.10 ± 0.07  1.30 ± 0.06  1.4λ ± 0.07  1.70 ± 0.07  1.λ0 ± 0.07  2.12 ± 0.08  
TD (s) 12 ± 6  10 ± 4  7 ± 6  6 ± 6  6 ± 3  7 ± 3  
kV砦 O2p (s)  22 ± 5cdef  23 ± 5def 28 ± 6af 31 ± 7ab 34 ± 6ab  35 ± λabc  
CIλ5 (s) 3 ± 1  3 ± 1 3 ± 1 4 ± 1 4 ± 1 4 ± 1 
ぬ2 (x 10-4 ) 7.6 ± 4.2  10.2 ± 5.8 8.λ ± 3.8 12.2 ± 5.7 11.3 ± 4.5 13.6 ± 4.4 
MRT-V砦 O2p (s) 34 ± 6ef  32 ± 4ef  36 ± 7f  38 ± 6  41 ± 6ab  45 ± 13abc  
O2Def (mL) 1λ3 ± 32def 1λ7 ± 26ef  233 ± 43f  251 ± 47af  285 ± 51ab  31λ ± 115abcd 
GP (mL:min-1:W-1) 8.7 ± 0.6cdef  λ.2 ± 0.5def  λ.7 ± 0.6af  10.0 ± 0.6ab  10.3 ± 0.8ab  10.5 ± 0.λabc  
 
a-f indicate significant differences between conditions (p<0.05). “a” indicates difference from “20 s 60”, “b” indicates difference from 
“40 s 80”, and so forth.  * indicates significant differences amongst all conditions (p<0.05). 
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Table 2. Mean parameter estimates (± SD) for phase II V砦 O2p kinetics during exercise transitions from 20W to four different work 
rates (constant baseline condition). 
 
 Step-transition power output (W) 
n = 14 20 s 60 20 s 80 20 s 100 20 s 120 
V砦 O2pBSL (L:min-1) 0.75 ± 0.07  0.75 ± 0.06  0.76 ± 0.06  0.76 ± 0.06  
A (L:min-1)* 0.35 ± 0.02  0.54 ± 0.02  0.72 ± 0.04  0.λ3 ± 0.04  
V砦 O2pSS (L:min-1)* 1.10 ± 0.07  1.30 ± 0.06  1.47 ± 0.05  1.68 ± 0.07  
TD (s) 12 ± 6  11 ± 4  12 ± 3  11 ± 3  
kV砦 O2p (s)  22 ± 5  20 ± 4  22 ± 6  22 ± 5  
CIλ5 (s) 3 ± 1  2 ± 1 2 ± 1 1 ± 0 
ぬ2 (x 10-4 ) 7.6 ± 4.2  10.7 ± 5.3 12.0 ± 5.5 12.5 ± 4.5 
MRT-V砦 O2p (s) 34 ± 6  31 ± 3  33 ± 4  33 ± 5  
O2Def (mL)* 1λ3 ± 32 276 ± 26  38λ ± 47  501 ± 73  
GP (mL:min-1:W-1) 8.7 ± 0.6bd  λ.0 ± 0.4a  8.λ ± 0.4  λ.3 ± 0.4a  
 
a-d indicate significant differences between conditions (p<0.05). “a” indicates difference from “20 s 60”, “b” indicates difference from 
“20 s 80”, and so forth. * indicates significant differences amongst all conditions (p<0.05). 
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Table 3. Mean parameter estimates and confidence interval of mono-exponential fit of [HHb] data for each 40W transition from 1 
progressively increasing baseline work rates (mean ± SD) 2 
 3 
 Step-transition power output (W) 
 20 s 60 40 s 80 60 s 100 80 s 120 100 s 140 120 s 160 
[HHb]bsl (µM) * 1λ.2 ± 7.2  21.λ ± 8.1  22.3 ± 8.λ  24.0 ± λ.5  24.5 ± 10.6  27.1 ± 11.5  
〉[HHb]amp (µM)  3.4 ± 2.6  2.6 ± 1.4  2.6 ± 2.1  3.1 ± 2.8  2.7 ± 2.2  3.0 ± 2.5  
[HHb]-TD (s) 16 ± 4ef 15 ± 3e 13 ± 4 11 ± 5 11 ± 4a λ ± 5ab 
k[HHb] (s)  λ ± 4def  11 ± 3  14 ± 7  17 ± 6a  18 ± 11a  18 ± 6a  
MRT-[HHb] (s)  25 ± 6  26 ± 5  26 ± 6  28 ± 5  2λ ± λ  28 ± 5  
CIλ5 (s) 1 ± 1 2 ± 1  2 ± 1 2 ± 1 2 ± 1 2 ± 1 
 4 
a-f indicate significant differences between conditions (p<0.05). “a” indicates difference from “20 s 60”, “b” indicates difference from 5 









Table 4. Mean parameter estimates and confidence interval of mono-exponential fit of [HHb] data for each ∆WR transition from a 13 
constant baseline of 20W (mean ± SD) 14 
 15 
 Step-transition power output (W) 
 20 s 60 20 s 80 20 s 100 20 s 120 
[HHb]bsl (µM) 1λ.2 ± 7.2  1λ.8 ± 7.1  1λ.2 ± 7.2  1λ.λ ± 7.6  
〉[HHb]amp (µM) 3.4 ± 2.6 * 4.8 ± 3.3 * 6.3 ± 4.6 * λ.4 ± 2.8 * 
[HHb]-TD (s) 16 ± 4  14 ± 3 13 ± 2 11 ± 3 
k[HHb] (s)  λ ± 4  10 ± 5  8 ± 3 8 ± 3  
MRT-[HHb] (s)  25 ± 6  24 ± 7  20 ± 4 20 ± 4  
CIλ5 (s) 1 ± 1 1 ± 1  1 ± 1 1 ± 0 
 16 
a-d indicate significant differences between conditions (p<0.05). “a” indicates difference from “20 s 60”, “b” indicates difference from 17 







































































































































τ = 23 ± 5s






















120 s 160 W
20 s 60 W 40 s 80 W 60 s 100 W



















































































cdef def a ab ab abc
cdef def a ab ab abc































































































20 s 100 W
20 s 60 W 20 s 80 W














































































































τ[HHb] = 18 s

















τ[HHb] = 18 s

















τ[HHb] = 11 s

















τ[HHb] = 14 s
120 s 160 W
20 s 60 W 40 s 80 W 60 s 100 W
80 s 120 W 100 s 140 W
.
















τ[HHb] = 9 s

















τ[HHb] = 17 s
k[HHb] = 9 ± 4 s
[HHb]-TD = 16 ± 4 s
k[HHb] = 14 ± 7 s
[HHb]-TD = 13 ± 4 s
k[HHb] = 11 ± 3 s
[HHb]-TD = 15 ± 3 s
k[HHb] = 18 ± 6 s
[HHb]-TD = 9 ± 5 s
k[HHb] = 18 ± 11 s
[HHb]-TD = 11 ± 4 s
k[HHb] = 17 ± 11 s
[HHb]-TD = 11 ± 5 s
















τ[HHb] = 9 s
Ä40W Ä60W
Ä80W Ä100W20 s 100 W
20 s 60 W 20 s 80 W
20 s 120 W
















τ[HHb] = 10 s
















τ[HHb] = 8 s

















k[HHb] = 8 ± 3 s
[HHb]-TD = 13 ± 2 s
k[HHb] = 9 ± 4 s
[HHb]-TD = 16 ± 4 s
k[HHb] = 10 ± 5 s
[HHb]-TD  4 ± 3 s
k[HHb] = 8 ± 3 s




















































































































20 W 40 W 60 W 80 W 100 W 120 W
kVO2m = 26.1 s
kQm = 28.5 s
kVO2m = 26.1 s
kQm = 28.5 s
kVO2m = 20 s
kVO2m = 30 s




























 six compartment simulation
